Background: Budding yeast is a unique model to dissect spindle orientation in a cell dividing asymmetrically. In yeast, this process begins with the capture of pole-derived astral microtubules (MTs) by the polarity determinant Bud6p at the cortex of the bud in G 1 . Bud6p couples MT growth and shrinkage with spindle pole movement relative to the contact site. This activity resides in N-terminal sequences away from a domain linked to actin organization. Kip3p (kinesin-8), a MT depolymerase, may be implicated, but other molecular details are essentially unknown. Results: We show that Bud6p and Kip3p play antagonistic roles in controlling the length of MTs contacting the bud. The stabilizing role of Bud6p required the plus-end-tracking protein Bim1p (yeast EB1). Bim1p bound Bud6p N terminus, an interaction that proved essential for cortical capture of MTs in vivo. Moreover, Bud6p influenced Kip3p dynamic distribution through its effect on MT stability during cortical contacts via Bim1p. Coupling between Kip3p-driven depolymerization and shrinkage at the cell cortex required Bud6p, Bim1p, and dynein, a minus-end-directed motor helping tether the receding plus ends to the cell cortex. Validating these findings, live imaging of the interplay between dynein and Kip3p demonstrated that both motors decorated single astral MTs with dynein persisting at the plus end in association with the site of cortical contact during shrinkage at the cell cortex. Conclusions: Astral MT shrinkage linked to Bud6p involves its direct interaction with Bim1p and the concerted action of two MT motors-Kip3p and dynein.
Introduction
Asymmetric cell divisions are central to stem cell biology and the generation of cell diversity in development. Although stem cells may divide symmetrically to expand their pool, it is through asymmetric divisions that they generate two progeny cells with distinct identities in a balanced mannerone committed to differentiate and the other to preserve its stem cell potential for unlimited proliferation. Disruption of this balance may lead to cancer [1] [2] [3] .
Characteristic hallmarks of asymmetric divisions are symmetry breaking and polarization of the mother cell promoting the unequal partition of cellular factors coupled to chromosomal segregation. Within these constraints, the position of the mitotic spindle is controlled by pole-derived astral microtubules (aMTs) that probe the cell cortex for asymmetrically positioned cues [4] . As observed initially in model stem cell divisions, centrosomes at the spindle poles are inherently asymmetric by virtue of their history and are selectively directed by these spatial cues to opposite cell ends, thus aligning the spindle with the axis of cell polarity. Events promoting centrosome positioning may begin in interphase [2, 5] . S. cerevisiae, one of the best paradigms to understand spindle orientation in a cell dividing asymmetrically, has effectively predicted this interplay between the inherent asymmetry in the spindle pathway and compartmentalization of spatial cues [6] [7] [8] .
In S. cerevisiae, a temporal program of aMT-cortex interactions targets each spindle pole body (SPB, equivalent to animal centrosomes) [9] to the mother cell and the bud, respectively. Among the cortical factors, the polarity determinant Bud6p, a component of the polarisome recruited at the site for bud emergence, features at the interface between aMTs and actin cytoskeleton organization [10] [11] [12] . Bud6p marks the cortex of the bud and then additionally accumulates at the bud neck during spindle assembly. Later, Bud6p from the bud cortex redistributes to form a double ring at the division site [13, 14] . aMTs dynamically follow Bud6p cortical foci throughout with remarkable precision [15] . Thus, Bud6p promotes the initial capture of aMTs at the location of the emerging bud priming spindle polarity already in G 1 [15] . Upon exit from mitosis, existing aMTs drive the ''old'' SPB (from the preceding cell cycle) near the recent division site followed by dynamic contacts with the emerging bud. After duplication, the newly built SPB lacks aMTs until spindle assembly, when Bud6p now present at the bud neck restricts their access to the bud. Spindle alignment along the cell polarity axis follows, with the old SPB committed to the bud.
Mechanistically, Bud6p plays dual roles in spindle orientation through separate domains. A Bud6p C-terminal region stimulates actin cable nucleation by formins through direct binding [10, 16] . The resulting actin cables support aMT plus-end guidance to the bud by Kar9p. This protein tethers the plus-end-tracking protein (+TIP) Bim1p, a homolog of human EB1 [17, 18] , to the cargo domain of the type V myosin Myo2p [19] . Importantly, Bud6p and cell polarity play an instructive role in confining Kar9p to aMTs from a single SPB [20] . By contrast, a Bud6p N-terminal 565 amino acid region mediates aMT capture, linking aMT growth and shrinkage at the cell cortex with SPB movement, even in the absence of Kar9p [21] or formins [22] .
aMT growth and shrinkage at the bud cell cortex are particularly prominent during the G 1 to S phase transition [23] . These modes of interaction are among the first to link aMTs with the incipient bud and are selectively abolished by deletion of BUD6 [15] . Later, Kar9p-dependent guidance along actin cables typically promotes aMT angular moves in the direction of the bud without associated change in aMT length [21] . As the bud continues to grow, this transport sustains the efficient access of aMTs through the bud neck to be engaged with shrinkage at the bud cortex via Bud6p. In turn, insertion of the elongating spindle and translocation of one spindle pole across the bud neck during anaphase are powered by dynein-driven aMT sliding, with Num1p acting as the cortical anchor [24] .
Another important player in dynamic aMT-cortex interactions critical for preanaphase spindle positioning is the kinesin-8 Kip3p. Kip3p exhibits plus-end-directed motor activity and becomes progressively enriched at plus ends of aMTs to then induce microtubule (MT) length-dependent depolymerization [25] [26] [27] [28] . kip3D cells exhibit excessive aMT growth mainly in contact with the bud cell cortex [25] . Here we show that this remarkable phenotype was suppressed by the deletion of BUD6. This observation enabled us to characterize a mechanism by which an N-terminal region of Bud6p promotes aMT capture and couples aMT growth and shortening with SPB movement while the plus end retains cortical contact. This mechanism centered on Bud6p (and independent of Kar9p) requires the direct binding of the +TIP Bim1p and the concerted action of two MT motors-Kip3p and dynein.
Results
Excessive Growth at the Bud Cell Cortex in kip3D Cells Requires Bud6p and Bim1p Balanced cycles of aMT growth and shrinkage at the bud cell cortex ( Figure 1A , white arrows and yellow arrowheads, respectively) position the duplicated SPBs facing the bud neck in preparation for spindle assembly [15, 23, 29] and prime spindle polarity by committing the ''old'' SPB to the bud [29, 30] . This mechanism is dramatically perturbed in kip3D cells in which aMTs grow excessively at the cortex [25] , driving the SPBs to the opposite side ( Figure 1B , white arrows). Only aMTs contacting the bud cortex exhibit this remarkable behavior, prompting us to determine a possible link to asymmetrically positioned cortical determinants contributing to aMT capture. To this end, we performed timelapse analysis of kip3D cells coexpressing GFP-Bud6p and GFP-Tub1p ( Figure 1C ) as previously described [15] . This analysis indicated that excessive aMT growth occurred coincident with areas decorated by Bud6p (92% of growth events scored, n = 200) including the incipient bud and bud cortex ( Figure 1C , white arrows). Consistent with this observation, deletion of BUD6 in kip3D cells greatly suppressed this behavior ( Figure 1D , white arrowheads; Figure 1E ). These data suggest that Bud6p at the cell cortex may stabilize aMTs eliciting excessive growth if Kip3p depolymerase activity is absent.
We previously found that the characteristic precision of aMT interactions with Bud6p foci persisted in many spindle orientation mutants including kar9D cells. Yet, it was lost in a bim1D mutant [15, 21] , suggesting that the +TIP Bim1p may constitute a mediator of dynamic aMT-Bud6p interactions. Indeed, we previously showed that Bud6p associates with taxolstabilized MTs, based on an in vitro MT-binding assay using whole extracts from wild-type (WT) cells [22] . However, Bud6p did not sediment with taxol-stabilized MTs when yeast extracts were prepared from a bim1D mutant (see Figure S1A available online). (E) Distribution of aMT-cortex interactions with the bud cortex in the indicated strains at the G 1 to S phase transition. Relative to WT cells, a kip3D mutant exhibited excessive growth at the bud cell cortex, a behavior suppressed by a bud6D and bim1D mutations. By contrast, a kar9D mutation had no effect ( Figure S1B ). The differential dynamics was not apparent within the mother cell ( Figure S1B ). Two hundred interactions were scored in three repeats; error bars are SD. Supporting analysis of aMT capture in cells expressing Bim1p-GFP 3 is presented in Figures S1C-S1I.
Accordingly, deletion of KAR9 had no effect on excessive aMT growth at the cortex of kip3D cells, whereas deletion of BIM1 abolished this dynamic behavior ( Figure 1E ; Figure S1B ).
In validation of the effect of Bud6p in cortical capture, time-lapse analysis was also performed in cells expressing Bim1p-GFP 3 (Figures S1C-S1I). This label had the advantage of continuously marking the aMT plus end by a discrete dot [31] affording better discrimination between aMT shrinkage at the cortex and other interactions in which the aMT may appear to shorten in the plane of view while sliding or sweeping perpendicularly. The label also provided a precise mark to determine the duration of cortical contacts. This analysis confirmed that Bud6p stimulated aMT growth and shrinkage at the cell cortex as well as the duration of these cortical interactions ( Figures S1D-S1G ). Moreover, we also confirmed the previous observation [25] of sporadic, yet prominent, shrinkage at the cell cortex in kip3D cells (Figures S1H and S1I). It follows that absence of this motor increased growth at the cortex at the expense of shrinkage, but association between depolymerization and SPB movement was still in effect. In other words, Kip3p is not intrinsically coupling aMT dynamics with movement but enhances the frequency of depolymerization eliciting shrinkage, as noted previously [25] .
Based on these data, we propose that Bim1p at the plus end may work with cortical Bud6p to stabilize the interaction of a growing aMT with the cortex, a process normally limited by Kip3p length-dependent MT depolymerase activity [27, 28] .
Bim1p Binding by Bud6p Is Required for aMT Capture
The functional interactions outlined above raised the possibility of direct binding between Bud6p and the +TIP Bim1p. Recombinant tagged proteins were expressed in E. coli and purified to perform in vitro pull-downs. By this method, we confirmed the interaction between Bud6p and Bim1p ( Figures  2A and 2B ). Deletion analysis indicated that the binding activity was strongly retained by the N-terminal 565 amino acids of Bud6p (Figures 2C and 2D ; Figure S2 ), previously found to mediate aMT capture in vivo [22] and was still detected with a truncation encoding amino acids 320-565. Conversely, binding was lost in a mutant carrying an in-frame deletion eliminating the sequence encoding amino acids 229-549 ( Figures 2C and 2D) . Finally, the interaction required the C-terminal region of Bim1p spanning amino acids 185-344 ( Figure 2E ), previously shown to mediate interaction with other cargo molecules such as yeast Kar9p, and the yeast CLIP170 Bik1p [31] . Based on the analysis outlined here and validated below, we concluded that Bud6p-dependent capture of aMTs might be based on its direct interaction with the +TIP Bim1p.
To assess the biological significance of Bim1p binding by Bud6p, we proceeded to compare bud6D cells additionally expressing either WT Bud6p or Bud6pD 229-549 ( Figure 3A ), a mutant unable to interact with Bim1p ( Figures 2C and 2D ) but preserving cortical localization and the C-terminal domain involved in actin functions [16, 22, 32] . Indeed, actin organization was intact in the presence of Bud6pD 229-549 ( Figure 3B ; Figure S3 ).
Analysis of cell populations ( Figure 3C ) and time-lapse recordings ( Figures 3D and 3E ) indicated that actin-dependent guidance of aMTs was proficient in cells expressing the mutant version. Indeed, actin-based guidance was sufficient to direct aMTs toward the bud and dynamically position nuclei near the bud neck ( Figure 3C ). Yet, preanaphase spindle alignment was compromised by the mutation, underscoring defective spindle polarity. Time-lapse analysis of small budded cells revealed that the duration of cortical contacts and growth and shrinkage at the bud cell cortex, apparent in cells expressing WT Bud6p ( Figure 3D , white arrows and yellow arrowheads, respectively; Figures 3F and 3G ), was selectively decreased in cells expressing Bud6pD 229-549 without otherwise reducing aMT plus-end targeting to the bud compartment ( Figure 3E , white arrowhead, 3F and 3G).
Bud6p partitions aMT-cortex interactions to enforce the commitment of the old SPB to the bud [29, 30, 33] . In support of the importance of Bud6p-dependent capture to specify SPB identity, the fidelity of inheritance of the old SPB by the bud (using the stronger label of the old SPB by SPC42p-mCherry as readout [20] ) was decreased by 35% in cells expressing Bud6pD 229-549 relative to WT cells (n = 500). In conclusion, Bud6p binding of Bim1p may be critical to support cortical capture and Bud6p-dependent modes of aMT-cortex interaction without relation to aMT guidance to the bud along actin cables.
Astral Microtubule Capture Generates Functional Links between Kip3p and Bud6p
To further understand the relationship between the kinesin-8 Kip3p, the +TIP Bim1p and cortical Bud6p, we examined the (C) Kip3p-GFP dynamics in a WT cell. aMTs contacting the bud cortex were visualized by their decoration with Kip3p-GFP (arrows point to plus end). After disappearance of the focus at the plus end, the spindle pole moved toward the site of contact (40-50 s and kymograph yellow arrowheads pointing to ''shrinkage at the cortex''). (D) Frequency of spindle pole movement coupled to Kip3p disappearance in aMTs contacting the bud cortex. n was the number of depolymerization events scored in time-lapse sequences of small budded cells prior to spindle assembly. On the involvement of dynein in aMT shrinkage at the cortex, also see Figure S4 . dynamic distribution of Kip3p in relation to Bud6p capture of aMTs. First, Kip3p localization was scored in cell populations. As previously shown [25] , Kip3p-GFP labeled faintly the length of aMTs and accumulated prominently at plus ends, with strong label remaining on the spindle pole in small budded cells (see below). The apparent partition of Kip3p to aMT plus ends was sensitive to Bud6p-mediated cortical capture. Relative to a bud6D mutant, cells expressing WT Bud6p favored the presence of cells displaying plus-end focal label in the population ( Figure 4A ), an effect contributed by aMTs inside the bud. This effect was abrogated by deleting BIM1 (preventing capture) or by tub2
C354S
, a b-tubulin allele reducing MT dynamicity, thus turning aMTs refractive to the stabilizing effect through capture [21, 34] . Accordingly, Bud6p 229-549 restored aMTs reaching the bud to a bud6D strain (actin-dependent guidance) but did not influence Kip3p partition to plus ends ( Figure 4A ).
Kip3p has a characteristic dynamic behavior during cycles of aMT growth and shortening in vivo. It progressively accumulates at the plus end of an existing or growing aMT to form a prominent dot. This accumulation forces in turn aMT depolymerization with a built-in delay, which is preceded by the disappearance of the focal Kip3p label at the plus end [25, 28] . Consistent with the notion of an indirect effect of Bud6p on Kip3p distribution through capture, aMTs contacting Bud6p foci maintained a transient interaction during which Kip3p could accumulate at the plus end during growth at the cortex (n = 10 cells recorded, Figure 4B ). In turn, disappearance of Kip3p from plus ends may produce two outcomes. An aMT in contact with the cell cortex may undergo depolymerization in two possible ways-by detaching from the cortex or by retaining contact, thus coupling depolymerization with the movement of the spindle pole toward the site of contact (shrinkage at the cortex).
Time-lapse analysis of aMTs labeled by Kip3p-GFP contacting the bud cortex was carried out in small budded cells at the G 1 to S phase boundary. The use of a single label for this analysis was possible because, at G 1 to S phase, the disappearance of a plus-end focus can be related to spindle pole movement based on the fact that the position of the spindle pole coincided with the site of maximal label intensity (see Supplemental Experimental Procedures). In WT cells, Kip3p dynamics leading to aMT depolymerization (the disappearance of a plus end dot) was associated with both modes of interaction-with approximately 30% of these events coupling depolymerization with movement through shrinkage at the bud cortex ( Figure 4C ). Coupling was greatly reduced in bud6D or bim1D cells but was retained in kar9D cells (Figure 4D) confirming the role of Bim1p in Bud6p-promoted modes of aMT-cortex interaction.
Together, these data show that aMT growth and shrinkage may be initiated through Bud6p-dependent cortical capture mediated by Bim1p. During the contact, Kip3p accumulates to terminate growth and provoke depolymerization. However, additional factors may dictate the extent of coupling between the receding plus end and the cell cortex, because not all Kip3p-driven depolymerization events resulted in associated spindle pole movement.
Coupled Movement of the SPB during Shrinkage at the Cell Cortex Requires Dynein
Minus-end-directed motors might couple MT capture during depolymerization by linking the cortex to movement toward the minus end of a shortening MT. Two minus-end-directed motors are present in S. cerevisiae-the kinesin-14 Kar3p and dynein [35] . Only deletion of DYN1 (encoding dynein heavy chain) essentially abolished coupling ( Figure 4D ). The involvement of dynein early in the yeast cell cycle in shrinkage at the cortex may be surprising given the accepted view that dynein operates by promoting aMT sliding along the cell cortex to power the insertion of the elongating mitotic spindle and the translocation of one pole across the bud neck in the course of anaphase, with Num1p as its cortical anchor [24] . Moreover, Num1p is not present at the bud cortex in small budded cells, effectively restricting aMT sliding in the bud to later stages of the cell cycle [36] [37] [38] .
By contrast, coupling between Kip3p-driven depolymerization and SPB movement was unperturbed in a num1D mutant ( Figure 4D ) suggesting that dynein may have an alternative cortical partner to support shrinkage at the cell cortex. The requirement of dynein for aMT shrinkage has been previously noted [39] . Moreover, deletion of ARP1 also prevented coupling, demonstrating that dynactin was also required. The differential involvement of dynein and dynactin versus Num1p in Bud6p-dependent modes of cortical interaction was further verified by analysis of SPB reposition upon mitotic exit ( Figure S4 ), a Bud6p-dependent process based on aMT shrinkage in contact with the former division site [15] . Deleting DYN1 or ARP1, but not NUM1, disrupted aMT shrinkage at the division site and SPB repositioning. Finally, timelapse analysis of small-budded dyn1D cells expressing Bim1p-GFP 3 confirmed the selective perturbation in aMT shrinkage at the cortex without overt reduction of other aspects of aMT capture at the bud cell cortex linked to Bud6p ( Figure S4) .
In order to further evaluate the participation of dynein along with Kip3p in shrinkage at the cell cortex, we attempted to examine the interplay between the two motors in small budded cells ( Figure 5A ) by time-lapse analysis of WT cells coexpressing Kip3p-mCherry and Dyn1p-GFP 3 . By contrast to Kip3p that disappears from the aMT plus ends as depolymerization begins [25] , Dyn1p-GFP 3 foci remained in contact with the cell cortex during aMT shrinkage coupled to SPB movement. Crucially, coupling was not observed without Dyn1p-GFP 3 persistence at the cortex (n = 15 cells). As shown in Figure 5A , Kip3p-mCherry label accumulated at the plus end of an aMT undergoing growth in contact with the bud cortex (magenta arrows). Dyn1p-GFP 3 was transported to the aMT plus end (green arrows) leading to transient colocalization of the two motors (72 s). Shortly after, Kip3p-mCherry label disappeared from the plus end and the aMT shortened, bringing the SPB toward the site of contact, still marked by Dyn1p-GFP 3 (80-96 s). Loss of Dyn1p-GFP 3 contact ended the interaction (104 s). Shrinkage at the bud cortex was always associated with the presence of stationary Dyn1p-GFP 3 at the site of contact (n = 15 cells). In conclusion, the dynamic interplay outlined here supports the proposal that dynein may tether the receding plus end to the cell cortex to cause SPB movement during aMT shrinkage at the cell cortex.
Discussion
A Model for Bud6p-Dependent Capture of aMTs at the Cell Cortex The yeast S. cerevisiae is a powerful model to explore key determinants of an asymmetric polarized cell division in which the mitotic spindle must intersect the bud neck. This polarized orientation is the result of a program that brings together aMTs, MT-binding proteins, the actin cytoskeleton, and its associated cortical factors [35] . The polarity determinant Bud6p sets aMT-cortex interactions underlying the establishment of spindle polarity [11] . Bud6p is a well-characterized nucleation-promoting factor working in partnership with formins to organize actin cables [10] , an activity mapping to a C-terminal domain [16] . By contrast, a separate N-terminal region is directly involved in aMT capture [22] .
Based on the studies presented here, we wish to propose a model for this separate function of Bud6p. Growing aMTs captured by Bud6p via the +TIP Bim1p ( Figure 5B , a and b) may accumulate the kinesin-8 Kip3p at their plus ends until a threshold for depolymerization is reached ( Figure 5B, b and  c) . aMTs encountering the cell cortex away from Bud6p would not be sufficiently stabilized and would undergo catastrophe. In kip3D cells, aMT growth at the bud cell cortex promoted by the interaction between Bim1p and Bud6p proceeds unchecked, interfering with early SPB positioning near the bud neck. In WT cells, aMT length is partly governed by the antagonistic interplay between growth promoting contacts with the cortex and length-dependent aMT depolymerizing events. Coupling during depolymerization, however, requires the minus-end-directed motor dynein. Dynein heavy chain is delivered to aMT plus ends or is recruited by Bik1p (the yeast CLIP170), a cargo of the kinesin-7 Kip2p, alongside other factors [40] [41] [42] [43] [44] . Dynein at the plus end may colocalize with Kip3p within a narrow temporal window prior to initiation of depolymerization ( Figure 5A ; Figure 5B , b) when it may return toward the SPB on a shortening aMT [41] in the absence of coupling ( Figure 5B, d) . Alternatively, dynein may transiently remain at the cell cortex helping couple shrinkage with SPB movement (e). By contrast to aMT sliding, Num1p would not serve as the cortical anchor for aMT shrinkage. The identity of an alternative anchor for dynein during shrinkage at the cell cortex remains to be established. Thus, aMT capture on the basis of the interaction between Bim1p and Bud6p may help integrate a set of activities at the aMT plus end culminating in depolymerization-driven movement of the spindle pole toward the site of cortical contact. In this context, the role of dynein would be analogous to that proposed for generating cortical force during spindle positioning in C. elegans [4] . Indeed, a recent study based on in vitro reconstitution shows that ''barrier-attached'' dynein can exert pulling force by interacting with shrinking MTs [45] .
There are several precedents for cooperation between components initially assigned by genetic studies to separate early and late pathways of spindle orientation in budding yeast [35, 46] . The integration promoted by Bud6p-dependent capture proposed here may further blur this divide, with many of these components spatially and temporally coexisting along aMTs throughout. It will be of great interest to explore the regulation that may ensure that their concerted action generates the characteristic prevalence of distinct modes of aMT-cortex interaction along the cell cycle in partnership with cortical factors.
Proteins at the Interface between Microtubules and Actin
Budding yeast aMTs do not promote cell shape [47] . This creates a unique framework for the focused dissection of mechanisms for spindle orientation at their interface with the actin cytoskeleton. Collectively, these studies have provided important insights into how functional integration is achieved between cytoskeletal systems with implications for a wide range of cellular processes. The basis for integration may be pinned to bifunctional proteins or multiple protein-protein interactions linking the two systems [12] . The best-characterized molecular bridge in budding yeast is Kar9p, the accepted functional counterpart of human adenomatous polyposis coli protein, APC [35] . Although parallels may be drawn between the two proteins centered on the partnership with EB1 family members, important differences are also apparent. Kar9p recruitment to aMTs requires Bim1p, whereas APC can also associate with MTs independent of EB1, modulate their dynamics, and thus influence additionally cell shape [48, 49] . Kar9p is a cargo of Myo2p providing aMT guidance to the bud, without any roles in actin organization. By contrast, APC exhibits competing interactions with actin filaments and MTs, pointing to potential mechanisms for modulating APC distribution in cells [50] . Moreover, APC binds G-actin and can stimulate actin assembly synergizing with its in vivo partner, the formin mDia1 [51] . Conversely, formins have been implicated as MT-stabilizing factors in a range of processes in interphase and mitosis. mDia interacts with APC and EB1 and promotes long-term stabilization of MTs. mDia2 reduces MT dynamicity in vitro, an activity mapping to its FH2 domain [52] . Comparable relationships have not been demonstrated in the context of spindle orientation in budding yeast. Instead, it is Bud6p that transiently stabilizes dynamic aMT contacts with the cell cortex via Bim1p. In turn, binding to G-actin by a separate domain promotes actin cable formation by formins in remarkable parallel to APC [10, 16, 22] . This interaction additionally ensures the temporal control of Bud6p cortical distribution between the bud tip and bud neck defining sites for cortical capture [22] and might further control the accessibility of the N-terminal region to interact with Bim1p. Despite the mechanistic differences, a unifying principle emerges from these studies. Multifunctional proteins acting at the interface between MTs and actin organization may exploit their dual roles to further link functionality with their site of action.
Experimental Procedures
Yeast Strains, Plasmids, and Digital Imaging Microscopy Yeast strains were isogenic to 15DaubA-MATa bar1 ade1 his2 leu2-3,112 trp1-1a ura3Dns arg4 [20] . The sequence of BUD6 in 15DaubA differs from that in the Saccharomyces Genome Database and encodes a product with an additional Asp residue at position 234 and a Thr to Met substitution at position 482 [22] . The mutant b-tubulin tub2 C354S conferring reduced MT dynamics was previously described [21, 34] . Endogenous tagging of KIP3 was carried out with YIplac211-KIP3tGFP, a plasmid sharing the backbone of YIplac211-BUD6tGFP [22] but containing instead a 1,470 bp EcoRI-NotI fragment of KIP3 for 3 0 in-frame fusion to GFP. YIp128-KIP3tmCherry was derived from YIp128-SPC42tmCherry [20] using the same restriction fragment. Strains expressing Bim1p-GFP 3 at endogenous levels were obtained by transformation with pKAB41 [31] , a gift from Tim Huffaker, Cornell University. pBS-DYN1-33GFP [42] , a gift from John Cooper, Washington University in St. Louis, was used for endogenous tagging of dynein heavy chain. Still images and time-lapse recordings were obtained using a Nikon Eclipse E800 with a CFI Plan Apochromat 1003, NA 1.4 objective, Chroma Technology filter sets and a Coolsnap-HQ CCD camera (Roper Scientific) as described previously [53, 54] . Further detailed experimental procedures are described in the Supplemental Information.
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